Abstract Multiple lines of evidence indicate that regional brain eicosanoid signaling is important in initiation and progression of neurodegenerative conditions that have neuroinflammatory pathologic component, such as AD. We hypothesized that PGE 2 receptor subtype 1 (EP1) signaling (linked to intracellular Ca 2+ release) regulates Aβ peptide neurotoxicity and tested this in two complementary in vitro models: a human neuroblastoma cell line (MC65) producing Aβ 1-40 through conditional expression of the APP C-terminal portion, and murine primary cortical neuron cultures exposed to Aβ 1-42 . In MC65 cells, EP1 receptor antagonist SC-51089 reduced Aβ neurotoxicity~50 % without altering high molecular weight Aβ immunoreactive species formation. Inositol-3-phosphate receptor antagonist 2-aminoethoxydiphenyl borate offered similar protection. SC-51089 largely protected the neuron cultures from synthetic Aβ 1-42 neurotoxicity. Nimodipine, a Ca 2+ channel blocker, was completely neuroprotective in both models. Based on these data, we conclude that suppressing neuronal EP1 signaling may represent a promising therapeutic approach to ameliorate Aβ peptide neurotoxicity.
Introduction
Amyloid (A) β peptides are pleiotropic neurotoxins that accumulate in multiple soluble and insoluble forms in Alzheimer's disease (AD) and are potent stimulators of innate immune response. Multiple lines of evidence, including observational data from large epidemiologic cohorts, autopsy series, cerebrospinal fluid biomarker profiles, and genomewide association studies, as well as experimental data from multiple in vitro and in vivo models, have highlighted a potentially important role for regional brain innate immune activation and signaling though the eicosanoid products of cyclooxygenase (COX) isozymes in the metabolism of Aβ peptides and in the initiation and progression of AD (Montine et al. 1999; Lim et al. 2000; Lim et al. 2001; Liang et al. 2005; Morihara et al. 2005; Combrinck et al. 2006; Hoshino et al. 2007 ). These data have motivated treatment trials in different stages of symptomatic AD and even an AD prevention trial with non-steroidal anti-inflammatory drugs (NSAIDs) that inhibit COX activity; the treatment trials failed and the prevention trial was terminated due to concerns over toxicity that were mostly related to "prothrombotic" events (Aisen et al. 2003; Szekely et al. 2007; Vlad et al. 2008) . Despite these setbacks for NSAIDs as a therapeutic approach, the observational and experimental data compel investigation of specific sub-pathways of COX-dependent signaling as a potential avenue for disease modification of AD. Indeed, a current goal is to focus on the potentially therapeutic aspects of COX-dependent signaling while avoiding those that contribute to toxicity (Fig. 1) .
COX-dependent signaling involves a complex cascade that begins with catalysis by COX isozymes (constitutive COX1 and inducible COX2) of free arachidonic acid to PGH 2 , which serves as the substrate for multiple other enzymes that catalyze the conversion of PGH 2 to PGD 2 , PGE 2 , PGF 2a , PGI 2a or thromboxane (Tx) A 2 . These six eicosanoid products of COX exert biological activity through diverse G protein-couple receptors (Hata and Breyer 2004) . Importantly, it is likely that the majority of the toxic effects observed with NSAIDs are related to alterations in the concentrations of PGI 2 and TxA 2 (Montine et al. 2010 ). We and others have highlighted beneficial effects in pre-clinical models of AD and other neurodegenerative diseases from the selective suppression of signaling through specific receptor subtypes for PGE 2 that are called EP1, EP2, EP3, and EP4 (Shie et al. 2005a, b, c; Kawano et al. 2006; Carrasco et al. 2007; Keene et al. 2009 ).
EP2 signaling is linked to G s and increased intracellular cAMP and mediates various aspects of innate immune response in brain including neurotoxicity resulting from microglial activation. In addition, EP2 signaling suppresses microglia and macrophage non-Fc-mediated phagocytosis of multiple substrates in culture, including Aβ peptides, and decreases cerebral Aβ accumulation in a mouse model of AD, at least in part, through microglia-mediated mechanisms (Liang et al. 2005; Shie et al. 2005a; Nagano et al. 2010) . These studies suggest an EP2 antagonist would be an effective therapeutic option for AD, since such a drug would be expected to limit immunemediated neurotoxicity and enhance Aβ phagocytosis. However, EP2 receptor signaling is also important for synaptic plasticity (Yang et al. 2009 ) and thus other targets with even more specificity are needed.
EP1 activation is linked to release of intracellular Ca 2+ . We have shown that EP1 signaling also supports specific aspects of microglial activation that contribute to immunemediated neurotoxicity . In contrast to EP2 (Shie et al. 2005b, c) , EP1 signaling does not appear to significantly modulate microglial phagocytosis (unpublished data) . These data again are encouraging for an EP1 antagonist as a potential approach to modulating microglial activation, but EP1 also is expressed widely on neurons in brain. Others have shown that blockage of EP1 signaling is partially protective in models of cerebral ischemic injury and suppresses Aβ accumulation in a mouse model of cerebral β amyloidogenesis, although it is not clear if these effects derive from suppression of EP1 signaling on neurons, glia, other cells in brain or blood vessels, or some combination (Kawano et al. 2006; Zhen et al. 2011 ). Here we addressed this gap in our knowledge by determining whether EP1 receptor antagonism mitigates direct neurotoxic effects of Aβ peptides in two different cell culture models.
Materials and methods
Materials DMEM (4.5 g/L D-glucose, L-glutamine), Neurobasal medium, B27 supplement, Sodium Pyruvate, MEM non-essential amino acids (NEAA), Penicillin/ Streptomycin, Opti-MEM and Trypsin-EDTA were purchased from Invitrogen (Carlsbad, CA). Fetal Bovine Serum (FBS) was from Hyclone Laboratories (Logan, UT). α-Tocopherol, Nimodipine and Poly-D-Lysine were purchased from SigmaAldrich (St. Louis, MO). SC-51089 was from Cayman Chemical Company (Ann Arbor, MI). 2-aminoethoxydiphenyl borate (2-APB) was from Tocris Bioscience (Ellisville, MO). Tetracycline was from Calbiochem (La Jolla, CA). Papain and DNase I were from Worthington Biochemical (Lakewood, NJ). Aβ 1-42 peptide was from Bachem Americas, Inc (Torrance, CA).
Cell culture Experiments used approximately 10,000 cells/ well in 96 well plate for MTT experiments and 300,000 cells/well in 6 well plates for Western blots. MC65 is a human neuroblastoma cell line that conditionally expresses carboxy-terminal fragments of the amyloid precursor protein by withdrawal of tetracycline from the culture medium (Sopher et al. 1994; Woltjer et al. 2003) MC65 cells were cultured in DMEM supplemented with sodium pyruvate, MEM non-essential amino acids, penicillin/streptomycin,10 % FBS and 1 μg/ml tetracycline. Primary neuron cultures were prepared from cerebral cortex obtained from postnatal (P1) C57BL/6 mice according to IACUC-approved protocol. After removing meninges, the cortex was incubated for 20 min at 37°C in Neurobasal medium containing 15 U/ml papain, 0.5 mM EDTA and 100 μg/ml DNase I. The mixture was spun at 1,500 rpm for 5 min. The pellet was triturated with a flame-polished Pasteur pipette and passed through a 40 micron Nylon strainer. The cell suspension was plated on poly-D-lysine coated plates in culture medium (Neurobasal medium, B27 supplement and 0.5 mM glutamine).
MTT assay Cells were seeded into 96-well plates for MTT assay. After treatments, culture medium was removed and 60 μl of MTT solution (0.25 mg/ml) was added followed by incubation for 2 h at 37°C. MTT formazan was solubilized by addition of 120 μl acid isopropanol (40 mM hydrocholoric acid in isopropanol), followed by shaking at room temperature for 10 min. The plates were read at 570 nm absorbance and blanks (MTT solution with acid isopropanol in wells with no cells) were subtracted from each well.
Western Blot analysis Cell lysates were prepared in RIPA buffer. 6 μg of total protein was loaded and separated by 4-12 % Bis-Tris gel (Invitrogen) followed by transfer to PVDF membrane. The membrane was then blotted with 6E10 monoclonal antibody for Aβ peptides (Covance, Emeryville, CA). The protein of interest was detected with ECL reagents (Thermo Scientific, Rockford, IL).
Statistical analyses Data are summarized as mean of measured values or measured values normalized to control ± S.E.M of 5 to 12 separate cultures. Group comparisons using one-or two-way analysis of variance (ANOVA) and Bonferroni-corrected posttests were performed using GraphPad Prism 5 (San Diego, CA). Significance was set as P<0.05.
Results
We first tested our hypothesis using an immortalized human neuroblastoma cell line (MC65) conditionally expressing the C-terminal 99 amino acids of amyloid precursor protein (Sopher et al. 1994) . Figure 2a shows the expected toxicity resulting from generation of C99 following removal of tetracycline suppression, its proteolysis to Aβ 40 among other products, with aggregation to form high molecular weight (HMW) species (Fig. 2b ) (Woltjer et al. 2007 ). Toxicity in the MC65 cell model is closely associated with of HMW aggregate formation; both can be completely blocked by antioxidants such as α-tocopherol (Woltjer et al. 2007 ). Ca 2+ channel blockers also can suppress MC65 toxicity but without apparent effect on HMW aggregate formation (Anekonda et al. 2011) . We have replicated these results with nimodipine (Figs. 2b and 3a) , an L-type voltagegated Ca 2+ channel blocker. We next determined whether the EP1 antagonist SC-51089 had effects similar as nimodipine. SC-51089 had little impact on the HMW aggregate formation relative to α-tocopherol (Fig. 2b) . Indeed, the amount of HMW Aβ-immunoreactive bands relative to α-tocopherol increased 7-fold for SC-51089 and 9-fold for nimodipine-exposed cultures. SC-51089 Cultures of MC65 cells were incubated with (Tet+) or without (Tet-) tetracylcline (1 μg/ml) in the presence of the reagents for 48 h and then harvested in RIPA buffer, proteins separated by SDS-PAGE, and then probed with antibody 6E10 that recognizes an epitope in amino acids 1-16 of Aβ peptides. All Tet + cultures failed to display any detectable 6E10-immunorective bands. Cultures exposed to drug vehicle (Veh) show the expected multiple species of 6E10-immunoreactive bands. Incubation with α-tocopherol (VitE, 100 μM) suppressed HMW aggregates of 6E10-immunoreative species, as previously described. In contrast, incubation with nimodipine (Nim, 25 μM) or SC-51089 (SC, 50 μM) did not block the formation of HMW species. Western blot for β-actin is loading control partially protected MC65 cells from cytotoxicity caused by C99 over-expression (Fig. 3a) . Nimodipine displayed modest toxicity with 84.5 + 1.5 % viability in Tet + cultures, but also fully protected from C99-caused toxicity. In contrast, SC-51089 showed no evidence of toxicity to MC65 cells (96.3+4.0 % viability) but afforded only about half protection (53.3+1.6 % viability) from C99-caused toxicity. We assesed the mechanism of SC-51089 by using IP3R inhibitor 2-aminoethoxydiphenyl borate (2APB), which also suppresses intracellular Ca 2+ liberation. After normalizing to actin, the relative amount of HMWAβ-immunoreactive bands in 2APB-exposed cultures was 94 % of vehicle-exposed cultures. Incubation with 2APB was toxic with viability reduced to 64.1+0.9 % viability; however, 2APB also protected about half of Tet-cells with 38.2+3.3 % viability. These results validated that suppression of intracellular Ca 2+ release can afford approximately 50 % protection from the toxic effects of C99 overexpression.
Next, primary murine cerebral cortical neurons were exposed to synthetic Aβ 1-42 . This model of Aβ-mediated neurotoxicity differs from MC65 cells in two important ways beyond whether or not they are immortalized. First, MC65 cells model intracellular toxicity from C99 and its proteolytic products, including Aβ (Sopher et al. 1994) , while primary cerebral cortical neurons exposed to synthetic peptide serves model extracellular Aβ-mediated toxicity. Second, MC65 cells proteolyze C99 to generate Aβ 1-40 without detectable Aβ 1-42 , while the synthetic peptide used with primary neurons was Aβ 1-42 . Starting material of 20 μM Aβ 1-42 was aggregated and then incubated with primary cerebral cortical neurons for 48 h to yield 50.4+ 2.7 % viability compared to cultures incubated with medium alone. This well-described neurotoxic effect of extracellular Aβ 1-42 has been shown by others to be reduced by Ca 2+ channel blockers (Ueda et al. 1997; Fu et al. 2006 ) such as nimodipine, a result that we corroborated (Fig. 3b) . Indeed, nimodipine afforded complete protection from extracellular exposure to Aβ 1-42 . In contrast, SC-51089 partially protected primary cerebral cortical neurons from Aβ 1-42 . Each concentration of SC-51089 significantly partially protected primary cerebral cortical neurons from Aβ 1-42 (P<0.001 for each concentration) (Fig. 3b) . Indeed, viability with SC-51089 at 10 (70.8+2.1 %) or 25 (72.1+1.3 %) μM remained significantly less than medium controls (P<0.001 for all), was not significantly different, and was significantly lower than cultures exposed to nimodidine (P<0.01 for both). Higher concentration of SC-51089 improved neuroprotection to 84.8+2.3 % viability, only marginally less than nimodipine (P<0.05).
Discussion
Exposure of cultured neuroblastoma cells (Bate et al. 2003; Hanson et al. 2003; Jang and Surh 2005) , glia (SzaingurtenSolodkin et al. 2009; Blanco et al. 2010) , and primary murine cortical neurons (Bate et al. 2003; Bate et al. 2008) to Aβ peptides increases expression of enzymes necessary for production of PGE 2 as well as secretion of PGE 2 . Aβ sterotaxic injection increases murine hippocampal COX2 expression and PGE2 production (Dargahi et al. 2011) , and hippocampal slice cultures from Aβ-accumulating transgenic mice also show increased COX2 expression and PGE 2 secretion (Quadros et al. 2003) . Moreover, 25 μM) , or 2-aminoethoxy-diphenyl borate (2APB, 20 μM). Twoway ANOVA had P<0.0001 for Tet+ vs. Tet-, for agents, and for interaction between these two terms. Bonferroni-corrected post-tests Tet-with Vehicle, SC, or 2APB. b. Murine primary cerebral cortical neurons were incubated with fresh medium (Med, clear bar) or medium that contained 20 μM Aβ 1-42 (filled bars) and the inhibitors for 48 h. Cell viability was assessed with an MTT assay. SC-51089 protected neurons from Aβ 1-42 toxicity at all concentrations used (P<0.001 compared to vehicle for all concentrations of SC-51089) with the greatest protection provided at 50 μM; however, protection by SC-51089 was partial and significantly less than nimodipine (P<0.01 for SC-51089 at 10 or 25 μM, and P<0.05 for SC-51089 at 50 μM). One-way ANOVA had P< 0.0001 with Bonferroni-corrected multiple paired comparisons having *P<0.001 compared to Med and + P<0.001 compared to Veh cerebrospinal fluid from patients with AD has increased levels of PGE 2 (Montine et al. 1999) . These data have led to an investigation of a potential role for PGE 2 receptor subtype signaling in the pathogenesis of AD. Here we demonstrated that intracellular and extracellular Aβ-mediated neurotoxicity in vitro was at least partially EP1 receptor-dependent and that this pathway is conserved between mice and human cells. By utilizing two substantively different cell culture models of Aβ toxicity. Indeed, these two cell culture models are so different, especially since one is an immortalized neuroblastoma cell line and the other primary neurons, that it is best to view them as complementary rather than validating. Using these models, we demonstrated partial efficacy of EP1 antagonism on both intracellular Aβ 1-40 aggregate cytotoxicity, and extracellular Aβ 1-42 neurotoxicity. Thus, while previous studies demonstrated beneficial effects in MC65 cells through α-tocopherol-mediated inhibition of Aβ aggregation (Woltjer et al. 2007 ), the current study revealed an alternative, aggregation-independent mechanism of protection related to EP1 signaling. While aggregation state alters the neurotoxicity of Aβ species in vitro (Resende et al. 2008) , our data from MC65 cells suggest that EP1-dependent mechanisms of neuroprotection likely are distal to aggregation of Aβ peptides.
AD is a syndrome. Increased production of Aβ peptides, and perhaps other C terminal fragments of APP, appears to be sufficient to replicate the full spectrum of illness in individuals who inherit disease-causing autosomal dominant mutations. In some respects both the MC65 cell line used here and transgenic mice with cerebral β amyloidogenesis model this form of AD by using Aβ over-production to drive neuron cell stress, damage, and death. Thus, MC65 cells represent a crude model of the cellular consequences Aβ over-production. However, the more common form of AD, indeed the looming public health disaster that is AD, has accumulation of Aβ peptides as a necessary but perhaps not sufficient feature. It is less clear that "sporadic" AD is caused by Aβ over-production; in fact, recent evidence suggests that decreased clearance of Aβ is a more likely mechanism (Mawuenyega et al. 2010) . From this perspective, addition of Aβ 1-42 to cultures of primary cortical neurons is a crude model of over-accumulation rather than overproduction of Aβ 1-42 . Our results from murine primary cortical neurons also suggest that EP1-dependent mechanisms are a component of the neurotoxic cascade following extracellular exposure to Aβ 1-42 .
NSAIDs block COX activity and thereby suppress both the cytotoxic and beneficial aspects of PG and TxA 2 signaling. While extensive observation and epidemiologic literature support NSAIDs as potential therapeutics for preventing clinical expression of AD, NSAIDs appear to be too toxic to be used in this context (Szekely et al. 2007; Vlad et al. 2008 ). To circumvent this toxicity, we and several other groups have targeted specific PG pathways or eicosanoid receptors, including EP1, to retain therapeutic benefits while limiting untoward effects.
EP1 is one of a family of four functionally antagonistic G protein coupled receptors that are activated by PGE 2 . EP1 is noteworthy among PGE 2 receptor subtypes in that it has the highest K d for PGE 2 , suggesting that it will be the last to be activated in an environment of increasing PGE 2 concentration. In this regard, EP1 may be an especially appealing therapeutic target because, at least in theory, the other functions of PGE 2 that are mediated by EP2, EP3, and EP4 would be unaltered by an antagonist of EP1.
Not only does EP1 have the highest K d for PGE 2 , but it also is unique among PGE 2 receptor subtypes in that its activation is linked to liberation of intracellular Ca 2+ . Although not directly demonstrated by our experiments, we speculate that suppression of EP1 signaling was partially neuroprotective by limiting the rise in intracellular Ca 2+ . Indeed, previous work in MC65 cells and primary neuron cultures have shown that L-type voltage-gated Ca 2+ blockers, such as nimodipine, can fully protect neurons from the toxic effects of Aβ peptides (Ueda et al. 1997; Fu et al. 2006; Anekonda et al. 2011) . We replicated these results with nimodipine in our two cell culture models. Interestingly, EP1 provided partial protection in these same models, suggesting that PGE 2 -mediated activation of EP1 is a component of neurotoxicity from Aβ. These results provide a potential mechanistic explanation of earlier experiments that demonstrated neuroprotection from Aβ by inhibitors of COX.
While Aβ peptide neurotoxicity appears to be a key element in all forms of AD, a large body of observational and experimental data have identified pro-inflammatory and pro-oxidative states in diseased regions of brain in AD (Keene et al. 2011) . Indeed, these three events appear to be linked mechanistically, as Aβ peptides can activate an innate immune response from glia, and innate immune response can promote production of oxidative metabolites and alter APP production and metabolism. We have shown previously that suppression of EP1 signaling in glia, both by genetic ablation and use of antagonists, suppresses the neurotoxic phenotype in microglia by selectively reducing secretion of cytokines IL-6 and TNF-α following innate immune activation . In this regard, interpretation of recent results that show reduced Aβ peptide accumulation in EP1 deficient mice is somewhat limited because this outcome can be achieved by suppressing neuron production or metabolism, or glial immune activation (Zhen et al. 2011) . Regardless, these cell culture and in vivo studies underscore multiple potentially beneficial effects of EP1 antagonists in models of AD, and underscore the possibility of EP1 antagonists as therapeutic agents for AD.
